The signal crayfish, Pacifastacus leniusculus, is the most widespread and one of the most successful crayfish invaders in Europe. In 2012 it was recorded in a karstic river in the continental part of Croatia, the Korana River, where it was illegally introduced. Here, it presents an alarming threat to native crayfish diversity, since three native crayfish species have viable populations in the Korana River and its tributaries. We explored the dynamics of signal crayfish range expansion in the Korana River, by i) examining the increase in its range, ii) analysing changes in its relative abundance, size and sex structure at former invasion fronts in 3 years (since the first study), and iii) examining the status of the native narrow-clawed crayfish (Astacus leptodactylus) in the area. Signal crayfish range increased 2.5 times since 2012, and currently covers 18.7% of the entire watercourse. Recorded dispersal rate (2.23 -2.84 km/year) was similar in upstream and downstream direction. At both former invasion fronts, increase in the relative signal crayfish abundance by 4.9 -6.1 times resulted in significant decrease in the size of signal crayfish individuals, demonstrating the prominent effect of density and competition intensity on the size structure its populations. The native A. leptodactylus was completely displaced from mixed populations at former invasion fronts, while at new invasion fronts no narrowclawed crayfish were recorded. Abundant A. leptodactylus populations are still present in the Mrežnica and Kupa Rivers, and outside the invaded area in the Korana River. We discuss these findings in the context of potential management actions and legal requirements for such actions under EU Regulations.
Introduction
Non-indigenous crayfish species (NICS) represent one of the greatest threats to indigenous crayfish species (ICS). Their introduction, often followed by rapid range expansion, frequently results in population declines or extinction of ICS and negative impacts on freshwater biodiversity in general (Twardochleb et al. 2013) . The signal crayfish, Pacifastacus leniusculus (Dana, 1852) , has invaded 29 European countries, and is the most widespread NICS in Europe (Kouba et al. 2014) . Its success stems from its advantageous life-history traits, such as high fecundity and early maturation, high dispersal rates and high aggressiveness (Hudina et al. 2013) . Signal crayfish displaces European ICS primarily through disease transmission (transmission of the crayfish plague agent, Aphanomyces astaci; Filipová et al. 2013 ), but also through competitive exclusion (e.g., Söderbäck 1995; . Also, it may exhibit adverse impacts on freshwater ecosystems through negative effects on macroinvertebrates, fish and other freshwater biota (Griffiths et al. 2004; Crawford et al. 2006; Twardochleb et al. 2013) , and through direct effects on the physical environment of rivers by burrowing and bioturbation (Johnson et al. 2011; Harvey et al. 2013) .
The signal crayfish has recently been illegally introduced to a karstic river in the continental part of Croatia, the Korana River (Hudina et al. 2013 ). Here, it presents an alarming threat to native crayfish diversity, since three native crayfish species have viable populations in the Korana River and its tributaries (Maguire et al. 2011) . In 2012, signal crayfish distribution in the Korana River was localized within 10 km of the river's lower reach, where it coexisted with the native Astacus leptodactylus (Eschscholtz, 1823 species-complex) at both upstream and downstream invasion fronts (Hudina et al. 2013) . Recent research showed that P. leniusculus individuals at both invasion fronts were in a better body condition and had superior energetic status of organs (i.e. better physiological condition) compared to the individuals sampled from the invasion core, where signal crayfish density was much higher (Rebrina et al. 2015) . Also, females from invasion fronts had a better energetic status of gonads, indicating higher potential for energetic investment into reproduction (Rebrina et al. 2015) . This pinpoints the prominent role of intraspecific competition and density on population dynamics of the expanding signal crayfish population in the Korana River.
Range expansion of non-indigenous species represents a crucial element of their invasion success; however, identifying exact mechanisms of such process is a complex issue. This limits our ability to predict the dynamics of biological invasions and manage them successfully (Hudina et al. 2014) . Thus, in this study, we explore range expansion dynamics of the signal crayfish in the Korana River, by i) examining the increase in its range and the downstream and upstream dispersal rate within the 3 years since the first study (Hudina et al. 2013) , ii) analysing potential changes in the relative abundance, sex and size structure of signal crayfish populations at former invasion fronts within 3 years, and iii) by examining presence and relative abundance of the native narrowclawed crayfish at former invasion fronts 3 years after the first study. All obtained results are discussed in the context of potential implications for signal crayfish management in the invaded karstic river.
Methods

Study area
The Korana River is a karstic river situated in central Croatia. Its springs form the famous Plitvice Lakes National Park. The Korana River (134 km river length, catchment area 2297 km 2 , gradient of 2.7 meters per km) is the largest tributary of the Kupa River, and belongs to the Black Sea drainage system. The hydrological regime is characterized by discharge peaks during spring and autumn (Gajić-Čapka and Zaninović 2004) , while the climate is predominantly mild-continental (average annual temperature 11.1 °C, average rainfall 700-1100 mm per year). The Korana River has numerous natural and man-made cascades along the whole course of its length. Artificial cascades are less than one meter high and are a remnant of the many water-mills that existed on the river in the past. Due to its karstic character and the man-made cascades, the flow between cascades is slow and averages approximately 86 m 3 /s. The Korana River has a rich crayfish fauna, with 3 out of 4 indigenous crayfish species for Croatia present in its drainage. The noble crayfish, Astacus astacus (Linnaeus, 1758) , and the stone crayfish, Austropotamobius torrentium (Schrank, 1803) , were recorded in the upper course and the tributaries, while the narrow clawed crayfish (A. leptodactylus) was recorded in recent decades in the lower course of the Korana River. Its presence in the Korana River is the result of its upstream dispersal from the Kupa and Mrežinca Rivers (Maguire et al. 2011) .
Signal crayfish were recently deliberately introduced to the Korana River from an unknown source (Hudina et al. 2013) . The presumed introduction site is located approximately 30 kilometers from the confluence of the Korana and Kupa rivers (Hudina et al. 2013) . From there, it spread both upstream and downstream at a similar rate, successfully passing the cascades present in this section of the river. In 2012, the invasive range of the signal crayfish covered approximately 10 kilometers of the lower reach of the Korana River (Hudina et al. 2013 ). At both upstream and downstream invasion fronts, signal crayfish co-occurred with native A. leptodactylus, but seemed to be gradually displacing it from the invaded area (Hudina et al. 2013; Rebrina et al. 2015) .
Distribution changes
Changes in signal crayfish distribution in the Korana River were analyzed in 2015 from July to November 2015 (4 months). We examined 23 sites during our study: 14 sites in the Korana River (2 former invasion fronts from 2012 and 6 sites upstream and 6 downstream from these former fronts -including the mouth of the Korana and Mrežnica rivers), 1 site in the Radonja River, 2 sites in the Mrežnica River and 6 sites in the Kupa River and its tributaries. Adjacent rivers (altogether 8 sites in 3 rivers and their tributaries; Figure 1 ) were also monitored to account for the eventual dispersal of the signal crayfish to these waterbodies from the Korana River. Some of the examined sites (7 out of 14) in the Korana River were identical to those investigated in 2012 ( Figure 1 , sites with overlapping symbols of the same shape) and the fieldwork covered 42 km of the lower course of the Korana River and 32 km of the Kupa and Mrežnica Rivers. At each examined site, crayfish were trapped using a similar number (6-8) of baited LiNi traps (Westman et al. 1978) . Even though the width of the rivers differed (river width of the Kupa river approximately 95 m, river width of the Korana and Mrežnica rivers approximately 65 m), traps were always exposed on one river bank and in stretches of similar length (100 m). Furthermore, traps were set at comparable mesohabitats at each site (shaded areas, slow current, and presence of large stone blocks/travertine barriers or close to artificial cascades). Captured crayfish were identified to species level, their sex was determined and total length (TL: from the tip of the rostrum to the end of the telson) was measured to the nearest 1 mm using a Vernier digital caliper. Native crayfish were released at the site of their capture, while signal crayfish individuals were removed from the river.
Temporal changes in crayfish abundance and population structure at former invasion fronts
For 3 years, either upstream (2013) or downstream (2014) or both (2015) former invasion fronts (sites UF12 and DF12 in Figure 1 ) were monitored in order to gain insight into population dynamics/growth at the edges of the expanding range. Each year in August, a similar numbers of LiNi traps (8-10) were exposed at the same locations at downstream and upstream invasion fronts. Caught crayfish were identified to species level, sexed and measured (TL). August was chosen as it is the period of increased crayfish activity. Based on the number of caught crayfish we calculated catch per unit effort (CPUE; the number of crayfish captured per LiNi trap per trapping night) for each site. Since CPUE is a frequently used measure of relative crayfish abundance (Dana et al. 2010 ) and also shows positive correlation with other measures of population density (Dorn et al. 2005) , we used CPUE to compare changes in the relative abundance crayfish at former invasion fronts (sites DF12 and UF12, Figure 1 ) throughout 3 years. We monitored changes in both native (A. letpodactylus) and invasive (P. leniusuclus) relative abundances, which were comparable between years since trapping was performed in the same period (summer-autumn) and with a similar number of traps exposed at the same sites of the same stretch length (100 m).
Furthermore, we compared size structure (measured as total length) and sex ratio of signal crayfish at both upstream (UF12, Figure 1 ) and downstream former invasion fronts (DF12, Figure 1 ) throughout the sampling years (2012) (2013) (2014) (2015) . This enabled us to analyze potential changes in population structure in relation to changes in relative population abundance.
Data analyses
Crayfish distribution was recorded using a Garmin GPS map 60CSx (projection HTRS96) and the data were mapped using ArcMap in the ArcGIS 10.1 program package (ESRI Inc.). Upstream and downstream dispersal rates of signal crayfish were calculated by recording the distance of the downstream and upstream signal crayfish records in 2015 to the former invasion fronts (in 2012).
Statistical analyses were performed using R statistical software by R Core Team (2015) . Changes in the sex ratio at former invasion fronts between years were analyzed using a chi-square test. Changes in size structure were analyzed using a generalized linear model (GLM) (with normal error), after ensuring that the assumptions of normality and homoscedasticity were met. Crayfish size (total length: TL) was the dependent variable, while year and relative crayfish abundance were used as predictors. Since no significant differences in TL were established between sexes at both sites, data for males and females at each site were pooled together.
Results
Distribution changes
In 3 years, the invasive range of the signal crayfish in the Korana River expanded 6.70 kilometres upstream (dispersal rate: 2.23 km/year) and 8.51 kilometres downstream (dispersal rate: 2.84 km/year) from the former invasion fronts (Figure 1) . Thus, the invasive range has increased by 2.5 times since 2012, and currently covers approximately 25 km of the lower course of the Korana River (18.7% of the entire watercourse). The current downstream invasion front is only 3.07 kilometres upstream from the confluence with the Mrežnica River. No native A. leptodactylus individuals were recorded at the new invasion fronts (Figure 1) . Additionally, at each new invasion front (upstream and downstream), only one male signal crayfish individual was recorded.
In the Mrežnica and Kupa Rivers (and Kupa's tributaries) no signal crayfish were recorded. At some of the examined sites (Figure 1 ; 1 out of 3 in the Mrežnica, and 2 out of 6 in the Kupa and its tributaries), a relatively high number of native A. leptodactylus were caught (A. leptodactylus: CPUE Mrežnica = 4; CPUE Kupa = 0.6). Furthermore, A. leptodactylus was also recorded 4.67 kilometres downstream from the confluence of Mrežnica and Korana Rivers, in the town of Karlovac (Figure 1 ).
Temporal changes in crayfish abundance and population structure at former invasion fronts
During the study period, a substantial increase in relative signal crayfish abundance was observed at both former invasion fronts (Figure 2a, b ; Table 1 ). At the former upstream invasion front (UF12) relative population abundance increased 4.9 times, while at the former downstream front (DF12) it increased 6.1 times (Figure 2 ). In 2012, the abundance of the native A. leptodactylus at former fronts was low compared to signal crayfish abundance; however, by 2015, A. leptodactylus was completely absent from the catch (Figure 2a, b) . Sex ratio did not exhibit any significant changes throughout the study period at both former fronts (Chi-square test: p>0.05; Table 1 ). However, a significant difference in size (TL) of the caught signal crayfish individuals was recorded between years at the former upstream invasion front (F (2,217) = 46.32, p < 0.001; Figure 3a) while the former downstream front showed a clear and significant decrease in size (F(2, 176) = 71.17, p < 0.001; Figure 3b ). There was also a significant negative effect of increased relative crayfish abundance (CPUE) on crayfish size in the population (p < 0.001 for both former invasion fronts). 
Discussion
This study analysed the invasion dynamics of the most widespread crayfish invader in Europe, the signal crayfish, in a recently invaded area in Croatia (Korana River), where it is currently undergoing range expansion. In only 3 years the invasive range of the signal crayfish in the Korana River has increased 2.5 times and now covers 18.7% of the entire watercourse. The current dispersal rate is 2.23 km/year upstream and 2.84 km/year in the downstream direction, which is in line with the dispersal rates recorded in other countries (0.4-7 km/year; reviewed in Hudina et al. 2009 ), except for the Croatian section of the Mura River, where recorded downstream dispersal rates were up to 8 times higher (Hudina et al. 2009 ). Such discrepancies in dispersal rates throughout the invasive range of the signal crayfish in Croatia are probably a result of differences in river characteristics (i.e. discharge is approximately 1.86 times higher in the 444 km long Mura River, compared to karstic and travertine dominated Korana River), but also potentially a result of an increase in dispersal rates during continuous dispersal along the invasion pathway in the Mura River (Hudina et al. 2012) . Several studies have suggested that during range expansions rapid increase in dispersal rates may occur due to plasticity (i.e. density-dependent dispersal) or evolutionary processes (rapid evolution of dispersive phenotypes at invasion fronts; Phillips et al. 2010; Lindstrom et al. 2013; Fronhofer and Altermatt 2015; Rollins et al. 2015 ). Thus, current dispersal rates in the Korana River could be expected to increase with time, and may represent underestimations of the speed of signal crayfish invasive range expansion in this waterbody in the future.
Interestingly, recorded dispersal rates were similar in both downstream and upstream directions. Thus, since 2012, upstream and downstream dispersal distances have remained similar despite severe floods that were recorded in the Korana and Kupa Rivers in last 3 years (Croatian Waters 2015) . While in 2013 the floods occurred at the period of decreased crayfish activity (January), in other years they occurred at the period of high activity and mating (September and October respectively). It might be that the river geomorphology (numerous travertine barriers that provide an abundance of shelters to crayfish, artificial cascades that have increased the depth and reduced the current velocity in the majority of the river reaches between cascades) prevents significant downstream drift of invasive crayfish in such extreme events, and individuals that are transported during such floods probably die during transport.
Density-dependent growth in crayfish has been extensively studied in aquaculture (e.g. Ahvenharju et al. 2005) , but also frequently observed in natural populations (cf. Guan and Wiles 1999; Moorhouse and Macdonald 2011b) . Crayfish growth is affected by environmental conditions, among which temperature, resource availability and density are considered the most prominent (Guan and Wiles 1999; . Increased density raises competition intensity, which may in turn reduce foraging time, lower consumption rates and affect energy allocation (Guan and Wiles 1999; Corkum and Cronin 2004) . Such processes may in turn reduce the per-moult increment (and growth rates), consequently resulting in lower abundance of large crayfish in a population (Olsson 2008) . While such effect is probably more evident in closed ecosystems such as lakes, it also significantly affects populations in open water systems, where crayfish can also attain high densities due to their burrowing and homing behavior (Guan and Wiles 1999) . In our case, the initial benefits of dispersal to areas with low conspecific density, which have resulted in better body condition and higher energetic status of organs in individuals at the 2012 invasion fronts (Rebrina et al. 2015) , have led to a relatively fast increase in signal crayfish abundance (an increase of 5-6 times in 3 years). Increased crayfish abundance in turn exhibited negative effects on signal crayfish growth, as a significant decrease in body size was observed at both examined sites within the three year period. Interestingly, at the former upstream invasion front in 2013 we recorded a significant increase in crayfish size, which was then followed by a significant decrease in 2015. In 2013, relative crayfish abundance increased 3 times compared to the abundance recorded in 2012. It seems that despite the threefold increase in abundance, individuals still benefited from lower resource competition compared to individuals at the invasion core, which in turn affected their growth rates. By 2015 relative crayfish abundance had increased almost 5 times compared to crayfish abundance in 2012 at this site, and such increase was translated to a significant reduction in crayfish size. Similarly, at the downstream invasion front, the increase in crayfish abundance of 3.5 times between 2012 and 2014 did not significantly influence population size as did the increase of population abundance in 2015 (6 fold increase since 2012). Thus for the Korana River population, the increase in crayfish abundance at invasion fronts of over 3.5 times exhibits a negative effect on crayfish growth and represents probably the tipping point at which resources become scarce and competition intensity increases. We also assume that the observed reduction in crayfish size is preceded by range expansion events (peristaltic spread of signal crayfish , Holdich et al. 2014 ).
Distribution of the native narrow-clawed crayfish at the edges of the invaded area has also changed within 3 years. At both former invasion fronts, A. leptodactylus was completely absent in 2015, while in 2012 it was present in low abundance (Hudina et al. 2013) . In 2015 A. leptodactylus were not recorded at any examined site within the invaded area, but were found 7.74 km downstream and 2.39 km upstream from the new invasion fronts. The absence of A. leptodactylus from both current and former invasion fronts indicates that it is being displaced by a competitively superior signal crayfish (Hudina et al. 2016) . Furthermore, while no infection by crayfish plague was recorded on signal crayfish individuals, one A. leptodactylus individual infected with the Ps genotype of crayfish plague pathogen (to which the signal crayfish is the natural host) was recorded in the Korana River . This indicates that disease transmission (specifically of crayfish plague pathogen) is potentially a strong contributing factor to the observed displacement of native narrow-clawed crayfish by invasive signal crayfish. While currently in extremely low abundance, the presence of A. astaci in the Korana River could negatively impact native crayfish populations downstream from the invaded area in a relatively short time period, since crayfish plague spores may spread downstream before their carrier as evident from the case study on A. leptodactylus and O. limosus in the Romanian part of the Danube (Pârvulescu et al. 2012) . Since the invaded area is very close to the confluence of two rivers (the Mrežnica and Kupa Rivers), which host abundant narrow-clawed populations, there is a substantial threat of crayfish plague occurrence in these watercourses in the future, by either unintentional transport by fishing gear (Jussila et al. 2014) or by its downstream spread ahead of its host.
Based on the current extent of invasive range expansion, and the fact that signal crayfish is on a list of invasive alien species of Union concern for which effective management measures are required (Article 19, Regulation (EU) 1143/2014 of the European Parliament and of the Council and Commission implementing Regulation (EU) 2016/1141 adopting a list of invasive species of Union concern), we advocate urgent management actions aimed at control of signal crayfish further dispersal. Most studies report that eradication in a well-established signal crayfish population is almost impossible (Holdich et al. 2014) , although there are several examples of relatively successful eradication efforts (cf. Peay et al. 2006; Freeman et al. 2009; Sandodden and Johnsen 2010) in small and isolated water bodies. Moreover, control of dispersal and abundance of signal crayfish populations is also considered a daunting task. Several studies suggest that either natural (e.g. Kerby et al. 2005) or specially designed artificial barriers (Frings et al. 2013 ) and electric fish barriers (Benejam et al. 2015) could be effective in controlling invasive crayfish dispersal. Artificial crayfish barriers require water flow above critical levels against which crayfish can swim, (Frings et al. 2013) , while electric barriers require energy source and are more suitable to smaller waterbodies. In the Korana River, existing barriers are presumably too low to stop the invasion of the signal crayfish in any direction. Furthermore, in summer when water levels are low, the flow over these barriers is very limited, and further studies are required in order to establish whether crayfish barriers (Frings et al. 2013 ) could be installed on the river, i.e. whether flow requirements for these barriers are met. Finally, several studies have demonstrated that crayfish, including signal crayfish, can move overland and thus avoid all types of water barriers (Marques et al. 2015) . Manual removal of crayfish by intensive trapping is often suggested as a control measure, however it is considered to be very time-consuming and should be maintained continuously for very long time periods (or indefinitely) in order to be effective (Dana et al. 2011; Holdich et al. 2014) . Recent research does demonstrate that intensive trapping of signal crayfish at the margins of population may have localized effects in terms abundance and dispersal reductions (Moorhouse and Macdonald 2011a) , as well as exert significant positive effects on abundance and diversity of sympatric aquatic macroinvertebrates (Moorhouse et al. 2014) . A combination of intensive trapping with biological control by predatory fish (fish stocking) has been shown to be an effective method for substantial population reduction of the rusty crayfish (Orconectes rusticus) in a Wisconsin lake (Hein et al. 2007) . However, such a management approach is applicable in enclosed water bodies such as lakes, while in continuous/connected habitats (rivers and lakes) its efficiency would be reduced due to the possibility of crayfish and fish migration.
Thus, we advocate a long term management based upon manual removal of crayfish through intensive trapping and also a further study of the effectiveness of the sterile-male release technique (Aquiloni et al. 2009 ) as a control measure, as well as its further testing in the field (Green et al. 2016 ). In the Korana River, such actions should be concentrated at population margins, especially at the upstream invasion front, since Plitvice Lakes National Park (Natura 2000 site HR5000020; SCI) with its unique geomorphological forms which also harbor populations of native (and protected) crayfish species (A. astacus and A. torrentium) is located approximately 98 km upstream at the springs of the Korana River. Also, A. torrentium is a target feature of the Natura 2000 sites in the Radonja River and its tributaries (HR2001391 and HR2001339; SCI), which are indirectly connected to the Korana River and located approximately 10 kilometers from the invaded area. Since removal efforts may be partially impeded by densitydependent elevation in body condition of remaining individuals (Moorhouse and Macdonald 2011b) , a targeted approach and assessment of the most effective and cost-beneficial management option using spatial and population models is required (Taylor and Hastings 2004; Hock et al. 2016; Sieracki et al. 2014 ). Finally, due to the high potential of spread of crayfish plague spores by fishing gear (Jussila et al. 2014) , and potential for its downstream dispersal through the water column to adjacent rivers before its host (Pârvulescu et al. 2012) , actions preventing its unintentional transmission as well as regular monitoring for crayfish plague agent presence are required at Plitvice Lakes National Park, Korana's tributaries and Kupa and Mrežnica Rivers. Due to foreseen management interactions for signal crayfish under Regulation (EU) No 1143/2014 on the prevention and management of the introduction and spread of invasive alien species, such a targeted approach to its management is vital for the success of these actions and their economic efficiency.
